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Abstract
Background: In the permanent daylight conditions north of the Arctic circle, there is a unique opportunity for 
bumblebee foragers to maximise intake, and therefore colony growth, by remaining active during the entire available 
24-h period. We tested the foraging rhythms of bumblebee (Bombus terrestris and B. pascuorum) colonies in northern 
Finland during the summer, when the sun stays above the horizon for weeks. We used fully automatic radio-frequency 
identification to monitor the foraging activity of more than 1,000 workers and analysed their circadian foraging 
rhythms.
Results: Foragers did not use the available 24-h foraging period but exhibited robust diurnal rhythms instead. A mean 
of 95.2% of the tested B. terrestris workers showed robust diurnal rhythms with a mean period of 23.8 h. Foraging 
activity took place mainly between 08:00 and 23:00, with only low or almost no activity during the rest of the day. 
Activity levels increased steadily during the morning, reached a maximum around midday and decreased again during 
late afternoon and early evening. Foraging patterns of native B. pascuorum followed the same temporal organisation, 
with the foraging activity being restricted to the period between 06:00 and 22:00.
Conclusions: The results of the present study indicate that the circadian clock of the foragers must have been 
entrained by some external cue, the most prominent being daily cycles in light intensity and temperature. Daily 
fluctuations in the spectral composition of light, especially in the UV range, could also be responsible for synchronising 
the circadian clock of the foragers under continuous daylight conditions.
Background
Bumblebee colonies are typically founded in spring by
individual fertilised queens and are subsequently engaged
in a race against time to maximise colony growth and
ultimately the production of more queens and males
while favourable conditions last [1,2]. In temperate
regions, therefore, the first bumblebee workers typically
leave the nest to forage as soon as it is bright enough,
often even at dawn before the actual sunrise and the last
foraging trips of the day are concluded around sunset [3].
The foraging activity of the workers is synchronized to
the available photoperiod by endogenous circadian clocks
[4,5].
Given that foragers use the entire available photoperiod
in temperate regions, one would expect that they would
also fully utilise longer or even continuous photoperiods
prevailing north of the Arctic Circle during summer to
gather as much food as possible and thus maximise col-
ony growth. Other animal species in that area, such as
reindeer, become arrhythmic during the summer, when
the sun is continuously above the horizon [6,7]. Previous
studies have found an impressive sociality-dependent
plasticity in the circadian rhythms of social insects, with
the ability to alter the expression of clock genes to fit the
demands of the colony [8-10]. Hence we might expect
that arctic bumblebees would adapt to the foraging con-
ditions that prevail under the midnight sun.
To answer the question whether bumblebee foragers
utilise the available photoperiod under continuous day-
light conditions, we conducted field experiments with
free-flying bumblebees during midsummer in northern
Scandinavia. The sun did not set for weeks during our
experiments, giving the foragers the opportunity to for-
age around the clock. We used fully automatic radio-fre-
q u e n c y  i d e n t i f i c a t i o n  ( R F I D )  t o  m o n i t o r  t h e  f o r a g i n g
activity of hundreds of individual B. terrestris workers
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around the clock for several weeks and analysed their cir-
cadian foraging rhythms. Since B. terrestris is not native
that far north, we also recorded the traffic at the nest
entrance of a native B. pascuorum nest.
Results
A total of 1,049 workers were radio-tagged in our experi-
ments. The RFID readers never recorded 164 of these
workers leaving the nest, indicating that these workers
spent their time entirely with tasks inside the nest. The
data generated by the remaining 885 workers were used
for the analysis of the circadian foraging rhythms on the
colony level. On the individual level, the data of another
504 workers were discarded from the circadian analysis
because they did not meet the requirement of at least six
consecutive days of activity, leaving a total of 381 workers
for individual analysis.
Although bumblebees experienced 24 h of bright day-
light in the field, foraging activity was restricted mainly to
the times from 08:00 to 23:00, with almost no activity
between 01:00 and 06:00 (Figure 1). Activity levels started
to increase between 06:00 and 07:00, rising steadily dur-
ing the morning and reaching the maximum during mid-
day before they decreased again (Figure 1). Thus, the
colonies exhibited a robust diurnal rhythm in their forag-
ing patterns (Figure 2). The same was true on the individ-
ual level. A mean of 95.2% ± 1.2% (mean ± 1 SEM) of
individual workers showed a robust diurnal rhythm in
their foraging activity, with a mean period of 23.8 h ± 0.04
h (Figure 2). The foraging pattern of the native B. pascuo-
rum colony was similar to the ones observed in the intro-
duced  B. terrestris colonies, with the foraging activity
being restricted to the period between 06:00 and 22:00
and no recorded activity during the 'night' (Figure 3).
In 2007, light intensity was measured between 1 July
2007 and 8 July 2007. In that period, the hourly mean val-
ues varied between 2,670 lux ± 520 lux at 02:00 and
162,110 lux ± 6,490 lux at 13:00. Individual measure-
ments reached a maximum of 275,560 lux on a sunny day
and dropped below 1,000 lux only during one cloudy
night with a minimum of 820 lux. Mean hourly ambient
temperature in the same time period varied from 9.9°C ±
0.7°C at 02:00 to 18.4°C ± 1.3°C at 12:00, with individual
measurements ranging from 6.6°C to 23.9°C and a mean
daily fluctuation of 9.8°C ± 0.9°C.
In 2008, light intensity was measured from 5 July 2008
to 13 July 2008. The hourly mean light intensity varied
between 1,280 lux ± 110 lux at 02:00 and 132,650 lux ±
17,750 lux at 14:00 (Figure 4a). Individual measurements
stretched from 740 lux to 192,980 lux. Light intensity
dropped below 1,000 lux during two nights only. Mean
hourly ambient temperature ranged from 5.4°C ± 0.5°C at
Figure 1 Daily average plots of the foraging activity under continuous daylight conditions in the field. The top row shows daily average plots 
of the Bombus terrestris colonies observed at Kilpisjärvi Biological Station, Finland, in the summer of 2007 and the bottom row shows the data for the 
colonies observed in the summer of 2008 at the same location. Numbers in brackets indicate the number of tagged workers meeting the require-
ments to be included in the circadian analysis per colony. Each bar represents an hour of the day and the height of the bars indicates the level of 
activity.
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02:00 to 13.2°C ± 0.8°C at 13:00 (Figure. 4b). Individual
measurements varied from 3.6°C to 18.2°C, with a mean
daily fluctuation of 8.3°C ± 0.5°C.
Discussion
Our results show that bumblebee foragers do not utilise
the 24-h foraging period under constant daylight condi-
tions in northern Scandinavia but exhibit robust diurnal
rhythms in their foraging patterns instead. In previous
carefully controlled laboratory experiments [4], foragers
showed free-running circadian rhythms both in constant
light conditions (LL) and constant darkness (DD), with
mean free-running periods (τ) being significantly shorter
in LL than in DD (LL: τ = 22.4 h at about 2,300 lux; DD: τ
= 24.0 h). Free-running circadian rhythms in laboratory
LL conditions have previously also been found in the
related honeybee (Apis mellifera) [11-13]. The rhythmic
behaviour of bees under LL conditions is in contrast to
findings in the fruit fly Drosophila melanogaster, a model
organism for chronobiological studies [14-16], which
become completely arrhythmic in LL [17]. In Drosophila,
the blue-light receptor cryptochrome (dCRY) is largely
responsible for the photic entrainment of the circadian
clock [18-21]. The decoding of the honeybee genome
revealed that honeybees lack a Drosophila-type CRY but
encode a vertebrate-like protein (CRY2) instead [22].
CRY2 has also been found in other insect species, such as
butterflies and mosquitoes [23], as well as in the North
American bumblebee Bombus impatiens [24]. In contrast
to dCRY, CRY2 is not photosensitive [24] and thus might
not function as a circadian photoreceptor, which poses
the yet unanswered question how light enters the circa-
dian system of bees.
The fact that the bees did not show free-running
rhythms in the prevailing continuous daylight conditions
indicates that some external cue, or Zeitgeber, must have
entrained the molecular clock of the bees in the field, the
most prominent cue being natural cycles in light intensity
and associated temperature fluctuations. Although the
sun always stayed above the horizon during our experi-
ments, levels of light intensity varied drastically during
the course of the day. Laboratory studies have shown that,
Figure 2 Exemplary double plotted actograms of a colony and individual foragers. Double-plotted actogram of (a) a Bombus terrestris colony 
(colony A) and (b) an individual worker of that colony. (c) and (d) actograms of two individual foragers of colony F to highlight the differences in for-
aging activity of individual workers. Each line represents two consecutive days of the experiment, each bar indicates 1 h of the day and the height of 
the bars indicates the level of foraging activity in that hour.
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on average, a minimum of 3.2 lux is needed for Bombus
terrestris workers to be able to fly [25] and they have been
observed leaving the nest at light intensities below 50 lux
on summer mornings in Germany (RJS, unpublished
data). During most '"nights"' of our experiments, light lev-
els stayed well over 1,000 lux during the darkest part (Fig-
ure 4a) and fell below 800 lux only during the last week of
the experiment. Thus it was never too dark for the bum-
blebees to forage, however the gradually decreasing light
levels in the evening could have triggered the daily reset-
ting of the circadian clock of the foragers and studies on
Drosophila have shown that the absolute levels of light
are less important than the relative light/dark light inten-
sities for rhythm entrainment [26,27].
In line with the changes in light intensity there were
daily cycles in ambient temperature (Figure 4b). Although
circadian rhythms are normally temperature compen-
sated [28], circadian clocks can be synchronised by tem-
perature cycles. In D. melanogaster and the honeybee,
daily temperature cycles of just 3°C and 6°C, respectively,
are enough to entrain circadian rhythms in their locomo-
tor activity [29-32]. Thus, daily temperature cycles during
our experiments were in a range where temperature
entrainment might be possible, although experiments on
arrhythmic mutant Drosophila flies have shown that a
functional circadian clock is indeed needed for the antici-
pation of daily temperature changes but is not essentially
required for the generation of diurnal activity rhythms
under such conditions [33]. The minimum temperatures
recorded in our field experiments were as low as 3.6°C
during exceptionally cold nights. However, Bombus ter-
restris workers have been observed foraging at ambient
temperatures as low as 3°C during late winter in London,
UK, and the foraging rates they achieved under these
conditions were similar to those found during summer
[34]. Therefore, the temperature during our experiments
did not drop below a threshold that would have made it
impossible for the bumblebees to forage and the foragers
should have been able to gain a net energy profit in these
temperatures.
Another possible Zeitgeber are daily cycles in light
quality, i.e. in the spectral composition of light, especially
in the UV range. Daily changes in ultraviolet radiation
Figure 3 Mean traffic at the nest entrance of a natural Bombus 
pascuorum nest. The nest was located near the field station and traffic 
was monitored for 30 min in intervals of 2 h. Every leaving or returning 
bee was counted.
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can be used to entrain and influence the circadian
rhythms in other species [35]. Figure 4c shows the hourly
means of UV-A radiation (320 nm to 410 nm) recorded at
the field station during seven days of our experiments in
2008. Like other bees, bumblebees are UV-blue-green
trichromats and can thus see UV light [36,37]. A recent
study in bumblebees has found a new photoreceptor
organ that expresses UV-sensitive opsins in a brain area
that has been associated with circadian clock activity in
other insects [38], so it might be possible that the circa-
dian clock of bumblebees can be entrained by daily cycles
in UV radiation levels [39].
Finally, daily variance in the availability of floral
resources could have been another Zeitgeber. However, in
that case we would expect that the foragers would carry
on searching for food during the first few nights after
being set up in the field before they gradually adjust their
foraging patterns to the diurnal pattern of resource avail-
ability, which was not the case.
The native B. pascuorum colony observed at the field
station showed the same behaviour as the introduced B.
terrestris colonies, indicating that our results were not an
artefact of using a temperate species in permanent day-
light conditions. Field observations at flower patches dur-
ing summer nights in northern Scandinavia also found a
drop in foraging activity around midnight [40]. Thus it
seems that even native bumblebees are not adapted to
fully use the whole available photoperiod, which is sur-
prising given that the vegetation period at these latitudes
is quite short and colonies have relatively little time to
grow. Reindeer (Rangifer tarandus) have adapted to these
extraordinary conditions by loosing their molecular cir-
cadian clock [41]. But staying inside the nest during the
nights, although it is bright enough to forage, could be an
adaptive behaviour, especially for native bumblebees
since colonies in the far north are generally quite small
[42] and the foragers might therefore be needed inside
the nest during the cooler nights to warm the brood. The
cold nights might especially affect species like B. pascuo-
rum, which build their nests on or just below the soil sur-
face [43]. Another possible adaptive reason for extended
resting periods might be positive effects on the memory
of the foragers. Previous studies have found a mamma-
lian-like sleep behaviour in honeybees [44,45]. Honey-
bees compensate for sleep deficit by intensifying the sleep
process during the following night [46], which makes it
unlikely that they show this sleep behaviour just to save
energy during the night and it also has been shown that
sleep deprivation affects the consolidation of memory in
bees [47].
Conclusions
Our results show that bumblebee foragers do not use the
whole 24 h foraging period under the continuous daylight
conditions that prevail north of the Arctic Circle during
summer. Foragers show robust diurnal rhythms under
these conditions, which means that their circadian clocks
must be entrained by some external cue. The fact that
even foragers of bumblebee species native to the Arctic
are inactive during the '"night"' indicates that this might
be an adaptive behaviour. More studies are needed to
identify the adaptive reasons for the observed foraging
patterns and the Zeitgeber for synchronising the circa-
dian clock of the foragers under continuous daylight.
There might also be a synergism between several external
cues as has been suggested previously for light intensity
and temperature in honeybees [30].
Methods
Study species and location
Field experiments were conducted during the summers of
2007 (20 June 2007 to 18 July 2007), 2008 (29 June 2008 to
23 July 2008) and 2009 (12 July 2009 to 21 July 2009) at
Kilpisjärvi Biological Station in northwestern Finland (69°
03'N, 20° 50'E; 473 m a.s.l.). The station is located 270 km
north of the Arctic Circle, so there was continuous sun-
shine from 22 May to 22 July in that area. Mountain birch
forests and heaths, as well as marshland, dominate the
flora. The main flower species visited by bumblebees
include  Astralagus alpinus,  Bartsia alpina,  Salix  spp.,
Saxifraga oppositifolia, Silene dioica and Vaccinium spp.
[48,49]. In both 2007 and 2008 four Bombus terrestris
(subspecies  terrestris)  c o l o n i e s  w e r e  t e s t e d  s i m u l t a n e -
ously using radio-frequency identification (see below).
The colonies were obtained from commercial breeders
(2007: Koppert Biological Systems, Berkel en Rodenrijs,
The Netherlands; 2008: Syngenta Bioline Bees, Weert,
The Netherlands) shortly before they were set up in the
field. The colonies were housed in bipartite plywood nest
boxes (28 cm × 16 cm × 11 cm) that were placed in sheds
at and near the field station and covered with fleece blan-
kets. The boxes were connected to the outside by short
transparent Plexiglas tunnels with a system of shutters to
enable movement of bees into and out of the nest to be
controlled by the observer. During the experiments, all
workers were allowed to leave the nest at will. Before the
colonies were placed in the field, they were fed ad libitum
with sugar solution and pollen that came with the colo-
nies. Since B. terrestris is native in southern Scandinavia
but not that far north, males and new queens (gynes)
were removed from the colonies to prevent establishment
of this species at the study location due to our experi-
ments. Light intensities were recorded using a data logger
whose sensor was facing straight up and not shielded
from direct sun to be able to get unflawed measurements
of the minimum light levels during the 'night' (HOBO
Temperature/Light Pendant Data Logger, UA-002-64;
Onset Computer Corporation, Pocasset, MA, USA).Stelzer and Chittka BMC Biology 2010, 8:93
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Ambient temperature data from the study location were
obtained from the Finish Meteorological Institute. UV-A
radiation levels (320 nm to 410 nm) at the field station in
2008 were kindly provided by Dr. Iris Zellmer (Institute of
Plant Physiology, Martin-Luther-University Halle, Halle/
Saale, Germany). In 2009 traffic at the nest entrance of a
native Bombus pascuorum colony was monitored for 30
min in intervals of 2 h and every leaving or returning
worker was counted.
Radio-frequency identification
To be able to monitor the complete foraging activity of
individual bees, RFID was used [4,34,50,51]. Small RFID
tags (mic3®-TAG 64-bit RO, iID2000, 13.56 MHz system,
1.0 mm × 1.6 mm × 0.5 mm; Microsensys GmbH, Erfurt,
Germany) were glued to the dorsal surface of the thorax
of the bees. An RFID reader (iID2000, 2k6 HEAD;
Microsensys GmbH, Erfurt, Germany) was integrated
into the tunnel close to the nest entrance. The RFID
reader automatically recorded the date and time when a
t a g g e d  w o r k e r  p a s s e d  i t,  a s  w e l l  a s  t h e  i d e n t i t y  o f  t h e
passing bee. The data were downloaded from the RFID
readers every day.
Data analysis
The level of activity was analysed in 60-minute bins. The
resolution on the individual level was chosen as 1 min,
i.e., for each hour the number of minutes in which a given
tagged bee passed the reader at least once was counted
and used as the level of activity within that hour. The raw
data downloaded from the RFID readers were processed
accordingly, using macros (Virtual Basic for Applications)
developed by the authors using Microsoft Excel. The pro-
cessed data were then used for the circadian analysis at
both the colony and the individual level in MATLAB
(version R2007a; The Mathworks, Natick, MA, USA)
[4,52]. For the analysis on the colony level, all available
processed data were used. On the individual level, only
bees that were active during at least six consecutive days
were analysed further.
Actograms and daily average histograms were plotted
using MATLAB. The statistical significance of circadian
rhythms was assessed using rhythmicity statistics (RS),
which provide a numerical accounting of significance
[53]. The RS value for each individual bee was obtained
through autocorrelation analysis performed using MAT-
LAB [52]. Bees with an RS value of 1 or above were con-
sidered rhythmic (see [53] for how this cutoff was
determined). The free-running periods were calculated
using Maximum Entropy Spectral Analysis [52,53].
Authors' contributions
LC and RJS conceived of the study and designed the experiments. RJS carried
out the experiments and data analysis. RJS and LC drafted the manuscript. All
authors read and approved the final manuscript.
Acknowledgements
We thank Prof. Antero Järvinen, Dr. Rauni Partanen, Pirjo Hakala and Kalevi Lau-
rila at Kilpisjärvi Biological Station for their support during the field experi-
ments; Dr. Iris Zellmer for kindly providing the UV data; Prof. Ralf Stanewsky for 
discussions; and Syngenta Bioline Bees for providing bumblebees. This study 
was support by a Westfield Trust Studentship, a Central Research Fund Grant 
and the European Community-Research Infrastructure Action under the FP6 
'Structuring the European Research Area' Programme, LAPBIAT, all to RJS.
Author Details
School of Biological and Chemical Sciences, Queen Mary University of London, 
Mile End Road, London, E1 4NS, UK
References
1. Benton T: Bumblebees.  New York: HarperCollins; 2008. 
2. Goulson D: Bumblebees: Their Behaviour and Ecology.  Oxford: Oxford 
University Press; 2003. 
3. Spaethe J, Weidenmüller A: Size variation and foraging rate in 
bumblebees (Bombus terrestris).  Insect Soc 2002, 49:142-146.
4. Stelzer RJ, Stanewsky R, Chittka L: Circadian rhythms of complete forager 
castes of bumblebee colonies monitored by radio-frequency 
identification.  J Biol Rhythms 2010.
5. Yerushalmi S, Bodenhaimer S, Bloch G: Developmentally determined 
attenuation in circadian rhythms links chronobiology to social 
organization in bees.  J Exp Biol 2006, 209:1044-1051.
6. Van Oort BE, Tyler NJ, Gerkema MP, Folkow L, Blix AS, Stokkan KA: 
Circadian organization in reindeer.  Nature 2005, 438:1095-1096.
7. Van Oort BEH, Tyler NJC, Gerkema MP, Folkow L, Stokkan KA: Where 
clocks are redundant: weak circadian mechanisms in reindeer living 
under polar photic conditions.  Naturwissenschaften 2007, 94:183-194.
8. Huang ZY, Robinson GE: Honeybee colony integration: Worker-worker 
interactions mediate hormonally regulated plasticity in division of 
labor.  P Natl Acad Sci USA 1992, 89:11726-11729.
9. Robinson GE, Page RE, Strambi C, Strambi A: Hormonal and genetic 
control of behavioral integration in honey bee colonies.  Science 1989, 
246:109-112.
10. Toma DP, Bloch G, Moore D, Robinson GE: Changes in period mRNA 
levels in the brain and division of labor in honey bee colonies.  Proc Natl 
Acad Sci USA 2000, 97:6914-6919.
11. Frisch B, Aschoff J: Circadian-rhythms in honeybees: entrainment by 
feeding cycles.  Physiol Entomol 1987, 12:41-49.
12. Moore D, Rankin MA: Circadian locomotor rhythms in individual 
honeybees.  Physiol Entomol 1985, 10:191-197.
13. Spangler HG: Daily activity rhythms of individual worker and drone 
honey bees Hymenoptera-Apidae.  Ann Entomol Soc Am 1972, 
65:1073-1076.
14. Helfrich-Forster C: Neurobiology of the fruit fly's circadian clock.  Genes 
Brain Behav 2005, 4:65-76.
15. Rosato E, Tauber E, Kyriacou CP: Molecular genetics of the fruit-fly 
circadian clock.  Eur J Hum Genet 2006, 14:729-738.
16. Stanewsky R: Clock mechanisms in Drosophila.  Cell Tissue Res 2002, 
309:11-26.
17. Konopka RJ, Pittendrigh C, Orr D: Reciprocal behaviour associated with 
altered homeostasis and photosensitivity of Drosophila clock mutants.  
J Neurogenet 1989, 6:1-10.
18. Emery P, So WV, Kaneko M, Hall JC, Rosbash M: CRY, a Drosophila clock 
and light-regulated cryptochrome, is a major contributor to circadian 
rhythm resetting and photosensitivity.  Cell 1998, 95:669-679.
19. Emery P, Stanewsky R, Hall JC, Rosbash M: A unique circadian rhythm 
photoreceptor.  Nature 2000, 404:456-457.
20. Emery P, Stanewsky R, Helfrich-Forster C, Emery-Le M, Hall JC, Rosbash M: 
Drosophila CRY is a deep brain circadian photoreceptor.  Neuron 2000, 
26:493-504.
21. Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith K, Kay SA, 
Rosbash M, Hall JC: The cryb mutation identifies cryptochrome as a 
circadian photoreceptor in Drosophila.  Cell 1998, 95:681-692.
22. Rubin EB, Shemesh Y, Cohen M, Elgavish S, Robertson HM, Bloch G: 
Molecular and phylogenetic analyses reveal mammalian-like 
Received: 28 April 2010 Accepted: 29 June 2010 
Published: 29 June 2010
This article is available from: http://www.biomedcentral.com/1741-7007/8/93 © 2010 Stelzer and Chittka; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. BMC Biology 2010, 8:93Stelzer and Chittka BMC Biology 2010, 8:93
http://www.biomedcentral.com/1741-7007/8/93
Page 7 of 7
clockwork in the honey bee (Apis mellifera) and shed new light on the 
molecular evolution of the circadian clock.  Genome Res 2006, 
16:1352-1365.
23. Zhu H, Yuan Q, Briscoe AD, Froy O, Casselman A, Reppert SM: The two 
CRYs of the butterfly.  Curr Biol 2005, 15:R953-R954.
24. Yuan Q, Metterville D, Briscoe AD, Reppert SM: Insect cryptochromes: 
gene duplication and loss define diverse ways to construct insect 
circadian clocks.  Mol Biol Evol 2007, 24:948-955.
25. Kapustjanskij A, Streinzer M, Paulus HF, Spaethe J: Bigger is better: 
implications of body size for flight ability under different light 
conditions and the evolution of alloethism in bumblebees.  Funct Ecol 
2007, 21:1130-1136.
26. Dubruille R, Emery P: A Plastic Clock: How Circadian Rhythms Respond 
to Environmental Cues in Drosophila.  Mol Neurobiol 2008, 38:129-145.
27. Rieger D, Fraunholz C, Popp J, Bichler D, Dittmann R, Helfrich-Forster C: 
The fruit fly Drosophila melanogaster favors dim light and times its 
activity peaks to early dawn and late dusk.  J Biol Rhythms 2007, 
22:387-399.
28. Sawyer LA, Hennessy JM, Peixoto AA, Rosato E, Parkinson H, Costa R, 
Kyriacou CP: Natural variation in a Drosophila clock gene and 
temperature compensation.  Science 1997, 278:2117-2120.
29. Glaser FT, Stanewsky R: Temperature synchronization of the Drosophila 
circadian clock.  Curr Biol 2005, 15:1352-1363.
30. Moore D, Rankin MA: Light and temperature entrainment of a 
locomotor rhythm in honeybees.  Physiol Entomol 1993, 18:271-278.
31. Moritz RFA, Kryger P: Self-organization of circadian-rhythms in groups 
of honeybees (Apis-mellifera L.).  Behav Ecol Sociobiol 1994, 34:211-215.
32. Wheeler DA, Hamblen-Coyle MJ, Dushay MS, Hall JC: Behaviour in light-
dark cycles of Drosophila mutants that are blind, arrhythmic, or both.  J 
Biol Rhythms 1993, 8:67-94.
33. Currie J, Goda T, Wijnen H: Selective entrainment of the Drosophila 
circadian clock daily gradients in environmental temperature.  BMC Biol 
2009, 7:49.
34. Stelzer RJ, Chittka L, Ings TC: Winter active bumblebees (Bombus 
terrestris) achieve high foraging rates in urban Britain.  PLoS One 2010, 
5:e9559.
35. Tovée MJ: Ultra-violet photoreceptors in the animal kingdom: their 
distribution and function.  Trends Ecol Evol 1995, 10:455-460.
36. Chittka L: Does bee color vision predate the evolution of flower color?  
Naturwissenschaften 1996, 83:136-138.
37. Peitsch D, Fietz A, Hertel H, de Souza J, Ventura DF, Menzel R: The spectral 
input system of hymenopteran insects and their receptor-based colour 
vision.  J Comp Physiol A 1992, 170:23-40.
38. Spaethe J, Briscoe AD: Molecular characterization and expression of the 
UV opsin in bumblebees: three ommatidial subtypes in the retina and 
a new photoreceptor organ in the lamina.  J Exp Biol 2005, 
208:2347-2361.
39. Yuan Q, Metterville D, Briscoe AD, Reppert SM: Insect cryptochromes: 
gene duplication and loss define diverse ways to construct insect 
circadian clocks.  Mol Biol Evol 2007, 24:948-955.
40. Lundberg H: Effects of weather on foraging-flights of bumblebees 
(Hymenoptera, Apidae) in a subalpine-alpine area.  Holarctic Ecol 1980, 
3:104-110.
41. Lu W, Meng QJ, Tyler NJC, Stokkan KA, Loudon ASI: A circadian clock is 
not required in an arctic mammal.  Curr Biol 2010, 20:533-537.
42. Løken A: Studies on Scandinavian bumble bees (Hymenoptera, 
Apidae).  Norsk Entomol Tidskr 1973, 20:1-218.
43. Prŷs-Jones OE, Corbet SA: Bumblebees.  2nd edition. Slough: The 
Richmond Publishing Co Ltd; 1991. 
44. Kaiser W: Busy bees need rest, too: behavioural and 
electromyographical sleep signs in honeybees.  J Comp Physiol A 1988, 
163:565-584.
45. Kaiser W, Steiner-Kaiser J: Neuronal correlates of sleep, wakefulness and 
arousal in a diurnal insect.  Nature 1983, 301:707-709.
46. Sauer S, Herrmann E, Kaiser W: Sleep deprivation in honey bees.  J Sleep 
Res 2004, 13:145-152.
47. Hussaini SA, Bogusch L, Landgraf T, Menzel R: Sleep deprivation affects 
extinction but not aquisition memory in honeybees.  Learn Mem 2009, 
16:698-705.
48. Stenstrom M, Bergman P: Bumblebees at an alpine site in northern 
Sweden: temporal development, population size, and plant utilization.  
Ecography 1997, 21:306-316.
49. Väre H, Partanen R: Suomen Tunturikasvio.  Metsäkustannus Oy 2009.
50. Molet M, Chittka L, Raine NE: How floral odours are learned inside the 
bumblebee (Bombus terrestris) nest.  Naturwissenschaften 2009, 
96:213-219.
51. Streit S, Bock F, Pirk CW, Tautz J: Automatic life-long monitoring of 
individual insect behaviour now possible.  Zoology 2003, 106:169-171.
52. Levine JD, Funes P, Dowse HB, Hall JC: Signal analysis of behavioral and 
molecular cycles.  BMC Neurosci 2002, 3:1.
53. Levine JD, Funes P, Dowse HB, Hall JC: Advanced analysis of a 
cryptochrome mutation's effects on the robustness and phase of 
molecular cycles in isolated peripheral tissues of Drosophila.  BMC 
Neurosci 2002, 3:5.
doi: 10.1186/1741-7007-8-93
Cite this article as: Stelzer and Chittka, Bumblebee foraging rhythms under 
the midnight sun measured with radiofrequency identification BMC Biology 
2010, 8:93